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CORROSION-RESISTANT MAGNETIC MATERTAT> 

Field of the Invention 

This invention relates to a free-machining, 
corrosion resistant, ferritic steel alloy, and more 
particularly to such an alloy and an article made 
therefrom having a novel combination of magnetic and 
electrical properties and corrosion resistance in a 
chloride -containing environment. 

Baekareund of th e Invention 
A ferritic stainless steel designated as Type 
4 3 OF has been used in magnetic devices such as cores, 
end plugs, and housings for solenoid valves. A 
commercially available composition of Type 430F alloy 
contains, in weight percent 0.065% max. C, 0.80% max. 
Mn, 0.30-0.70% Si, 0.03% max. P, 0,25-0.40% S, 17.25- 
18.25% Cr, 0.60% max. Ni, 0.50% max. Mo, and the 
balance is essentially Pe. Type 430F alloy provides a 
good combination of magnetic properties, 
machiiiability, and corrosion resistance. Although 
Type 4 3 OF alloy provides good corrosion resistance in 
such mild environments as air having relatively high 
humidity, fresh water, foodstuffs, nitric acid, and 
dairy products, the alloy's ability to resist 
corrosion in chloride -containing environments leaves 
much to be desired. 

Type 430FR alloy is a ferritic stainless steel 
that is similar in composition to Type 430F alloy 
except for higher silicon, i.e., 1.00-1.50% Si. Type 
430FR alloy provides higher electrical resistivity and 
higher annealed hardness than Type 4 3 OF alloy. 
However, Type 430FR provides corrosion resistance that 
is about the same as Type 43 OF alloy. 

A need has arisen for a soft magnetic, easily 
machinable alloy that provides better corrosion 
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resistance in chloride -containing environments than 
either Type 43 OF alloy or Type 430FR alloy. Although 
it is known that molybdenum benefits the corrosion 
resistance of some stainless steels, e.g., the so- 
5 called 18Cr-2Mo steel alloy, in chloride -containing 
environments, it has been found that the addition of 
molybdenum alone to a ferritic stainless steel such as 
Type 430F or 430FR, does not consistently provide the 
desired level of corrosion resistance in such an 
10 environment. Accordingly, it would be desirable to 
have a soft magnetic, free -machining, ferritic alloy 
that also provides consistently good resistance to 
corrosion in a chloride -containing environment. 

Summarv of the Invention 

15 The problems associated with the known soft 

magnetic, free -machining, corrosion resistant ferritic 
alloys are solved to a large degree by the alloy 
according to the present invention. As summarized in 
the table below, a ferritic, corrosion resistant alloy 

20 in accordance with the present invention has the 
following broad, intermediate, and preferred 
compositions, in weight percent. 







Broad 




Preferred 




C 


0.05 max. 


0.03 max. 


0.020 max. 


25 


Mn 


2.0 max. 


0.1-1.0 


0.2-0.6 




Si 


0.70-1.5 


0.90-1.4 


1.00-1.2 




S 


0.1-0.5 


0.2-0.4 


0.25-0.35 




Cr 


15-20 


16-19 


17-18 




Mo 


0.80-3.00 


1 .00-2.50 


1.50-2.00 


30 


Nb 


0.10-1.0 


0.20-0.60 


0.30-0.40 




N 


0.06 max. 


0.05 max. 


0.030 max. 



The balance of the alloy is essentially iron except 
for the usual impurities found in commercial grades of 
such steels and small amounts of other elements 
35 retained from refining additions. Such elements may 
be present in amounts varying from a few thousandths 
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of a percent up to larger amounts, provided however, 
that the amounts of any such impurities and additional 
elements present in the alloy are controlled so as not 
to adversely affect the basic and novel properties of 
this alloy. Within their respective weight percent 
ranges the elements C, Nb, and N are balanced such 
that the ratio Nb/(C4-N) is about 7-12. Here and 
throughout this application, percent (%) means percent 
by weight unless otherwise indicated. 

The foregoing tabulation is provided as a 
convenient summary and is not intended to restrict the 
lower and upper values of the weight percent ranges of 
the individual elements of the alloy of this invention 
for use solely in combination with each other, or to 
restrict the broad, intermediate, or preferred ranges 
of the elements for use solely with each other. Thus, 
one or more of the broad, intermediate, or preferred 
element ranges can by used with one or more of the 
other ranges for the remaining elements. In addition, 
a broad, intermediate, or preferred minimum or maximum 
for an element can be used with the maximum or minimum 
for that element from one of the remaining ranges. 

Detailed DesGription 
The alloy according to the present invention 
contains at least about 15%, better yet at least about 
16%, and preferably at least about 17% chromium 
because chromium benefits the corrosion resistance of 
this alloy. Chromium also contributes to increasing 
the electrical resistivity provided by this alloy. 
Increased electrical resistivity is desirable for 
reducing eddy currents in electromagnetic components 
that are subjected to alternating magnetic flux. Too 
much chromium adversely affects the magnetic 
saturation induction thereby reducing the magnetic 
performance of magnetic induction cores made from this 
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alloy. Accordingly, chromium is limited to not more 
than about 20%, better yet to not more than about 19%, 
and preferably to not more than about 18%. 

Molybdenum also benefits the corrosion resistance 
5 of this alloy, particularly its resistance to crevice 
corrosion and pitting in a chloride containing 
environment. To obtain the benefit to corrosion 
resistance provided by molybdenum, the alloy contains 
at least about 0.80%, better yet at least about 1.00%, 

10 and preferably at least about 1.50% molybdenum. 

Molybdenum is beneficial also because it stabilizes 
ferrite in this alloy. 

Too much molybdenum adversely affects the 
magnetic saturation induction of the alloy. Further, 

15 molybdenum and chromium form one or more phases, such 
as carbides, in the alloy structure that adversely 
affect the corrosion resistance of this alloy. Thus, 
this alloy contains not more thaui about 3.00%, better 
yet, not more than about 2.50% molybdenum. For best 

20 results, the alloy contains not more than about 2.00% 
molybdenum. 

At least about 0,10%, better yet at least about 
0.20%, and preferably at least about 0.3 0% niobium is 
present in this alloy because niobium contributes to 

25 the pitting resistance of this alloy, for example, in 
the presence of chlorides. The inventors of the alloy 
according to the present invention have found that 
corrosion resistance in a chloride-containing 
environment is significantly enhanced when niobium and 

30 molybdenum are present together in this alloy. 

Niobium helps to stabilize carbon and/or nitrogen in 
this alloy, thereby benefitting the intergranular 
corrosion resistance provided by the alloy. Niobium 
also benefits the weld ductility and corrosion 

35 resistance of the present alloy when autogenously 
welded. 
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Too much niobium adversely affects the 
workability of this alloy. Accordingly, the alloy 
contains not more than about 1.0%, better yet not more 
than about 0.60%, and preferably not more than about 
0.40% niobium. 

Silicon is present in this alloy because it 
contributes to stabilization of ferrite, thereby 
ensuring an essentially ferritic structure. More 
specifically, silicon raises the A^j temperature of the 
alloy such that during annealing of the alloy, the 
formation of austenite and martensite is essentially 
inhibited, thereby permitting desirable grain growth 
which benefits the magnetic properties of this alloy. 
Silicon also increases the electrical resistivity of 
this alloy and its annealed hardness. For these 
reasons, the alloy contains at least about 0.70 or 
0.80%, better yet at least about 0.90%, and preferably 
at least about 1.00% silicon. 

Too much silicon adversely affects the 
workability of this alloy. Accordingly, not more than 
about 1.5%, better yet not more than about 1.4%, and 
preferably not more than about 1.2% silicon is present 
in this alloy. 

At least about 0.1%, better yet at least about 
0.2%, and preferably at least about 0.25% sulfur is 
present in this alloy because it benefits the 
machinability of the alloy. Too much sulfur adversely 
affects the corrosion resistance and workability of 
this alloy. Therefore, sulfur is restricted to not 
more than about 0.5%, better yet to not more than 
about 0.4%, and preferably to not more than about 
0.35% in this alloy. 

Up to about 0.1% selenium can be present in this 
alloy because it benefits sulfide shape control in the 
alloy. When the benefits provided by selenium are not 
required, the amount of selenium is restricted to not 
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more than about 0.01%, preferably not more than about 
0.005%. 

A small amount of manganese can be present in 
this alloy, and preferably at least about 0.1%, better 
5 yet at least about 0.2%, manganese is present. When 
present, manganese benefits the hot workability of 
this alloy and combines with some of the sulfur to 
form sulfides that contain manganese and/or 
chromium. Such sulfides benefit the machinability of 

10 the alloy. The presence of too much manganese in 
those sulfides adversely affects the corrosion 
resistance of this alloy, however. Moreover, 
manganese is an austenite former and too much 
manganese adversely affects the magnetic properties of 

15 the alloy. Therefore, not more than about 2.0%, 

better yet not more than about 1.0%, and preferably 
not more than about 0.6%, manganese is present in this 
alloy. 

Carbon and nitrogen are considered to be 

20 impurities in the present alloy and are kept as low as 
practicable to avoid the adverse effect of those 
elements on such magnetic properties as permeability 
and coercive force. When too much carbon and nitrogen 
are present in this alloy, the temperature of the 

25 alloy is undesirably low and precipitates such as 
carbides, nitrides, or carbonitrides form in the 
alloy. Such precipitates pin the grain boundaries, 
thereby undesirably retarding grain growth when the 
alloy is annealed. Furthermore, the presence of too 

30 much carbon and nitrogen adversely affects the 

intergranular corrosion resistance of this alloy. To 
avoid such problems, the amount of carbon present in 
this alloy is restricted to not more than about 0.05%, 
better yet to not more than about 0.03%, and 

35. preferably to not more than about 0.020% and the 
amount of nitrogen is restricted to not more than 
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about 0.06%, better yet to not more than about 0.05%, 
and preferably to not more than about 0.030%. 

The balance of this alloy is essentially iron 
except for the usual impurities found in commercial 



use and other elements that may be present in small 
amounts retained from additions made for refining this 
alloy during the melting process. The levels of such 
impurities and retained elements are controlled so as 
10 not to adversely affect the desired properties of this 
alloy. In this regard, the alloy contains not more 
than about 0.035%, preferably not more than about 
0.020V, phosphorus; not more than about 0.05%, 
preferably not more than about 0.005% aluminum; not 
15 more than about 0.02%, preferably not more than about 
0.01%, titanium; and not more than about 0.004%, 
preferably not more than about 0.002%, calcium. 
Furthermore, this alloy contains not more than about 
0.60%, preferably not more than about 0.40%, nickel; 
20 not more than about 0.25%, preferably not more than 
about 0.15%, copper; not more than about 0.25%, 
preferably not more than about 0.15%, vanadium; and 
not more than about 0.005%, preferably not more than 
about 0.001%, boron. Moreover, this alloy contains 
25 not more than about 0.01%, preferably not more than 
about 0.005%, tellurium and not more than about 
0.005%/ preferably not more than about 0.001% lead. 

The alloy of this invention does not require any 
unusual preparation and can be made using well knovm 
30 techniques. The preferred commercial practice is to 
melt the alloy in an electric arc furnace and refine 
the molten alloy by the argon-oxygen decarburization 
(AOD) process. This alloy can also be made by powder 
metallurgy techniques. 
35 The alloy is preferably hot -worked from about 

1950F (10650 to about 1600F (870C) . This alloy can 
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grades of alloys for the same or similar service or 
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be heat treated by annealing for at least about 1-4 
hours at a temperature in the range of 14 72-2012F 
(800-llOOC) . Preferably, the alloy is annealed at 
about 1652-1832F (900C-1000C) , although material that 
5 exhibits a fine grain size is preferably annealed at 
about 1832F (lOOOC) or higher. Cooling from the 
annealing temperature is preferably at a rate slow 
enough to avoid excessive residual stress, but rapid 
enough to minimize precipitation of deleterious phases 

10 such as carbides in the annealed article. If desired, 
annealing can be carried out in an oxidation- retarding 
atmosphere such as dry hydrogen, dry forming gas 
(e.g., 85% Nj, 15% Hj) , or in a vacuum. 

When necessary after the alloy has been subjected 

15 to a minor amount of cold forming or other cold 

mechanical processing, e.g., straightening, the alloy 
is stress relieved at about 1472-1652F (800-900C) . 
Heating the alloy in that temperature range produces a 
structure having relatively few, agglomerated carbides 

20 and/or nitrides. Such precipitates stabilize the 

carbon and nitrogen in the alloy, thereby reducing the 
likelihood of further precipitation of carbides and/or 
nitrides if the alloy is subjected to subsequent heat 
treating at a relatively lower temperature, for 

25 example, about 1292F (700C) . 

A combination of heat treatments may be used to 
optimize magnetic properties. For example, fine- 
grained material can be heated to about 1950F (1065C) 
to enlarge the grains. Then the alloy can be reheated 

30 to about 1562F (850C) to allow some of the carbon and 
nitrogen to re-precipitate. Such heat treatments 
minimize the precipitation of fine carbides and 
nitrides which can adversely affect the alloy's 
magnetic properties. As noted previously, such 

35 processing also inhibits the precipitation of fine 

carbides and/or nitrides if the alloy is subsequently 
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heat treated at a relatively lower temperature . 

The alloy according to the present invention can 
be used in a wide variety of product forms including 
billet, bar, and rod. The alloy is suitable for use 
5 in components such as magnetic cores, end plugs, and 
housings used in solenoid valves and the like which 
are exposed to chloride-containing fluids. The alloy 
is also suitable for use in components for fuel 
injection systems and antilock braking systems for 

10 automobiles. 

The alloy in accordance with the present 
invention provides a unique combination of electrical, 
magnetic, and corrosion resistance properties. In 
particular, the present alloy provides a coercive 

15 force (Hg) of not more than about 5 Oe (398 A/m) in the 
annealed condition. The preferred compositions are 
capable of providing a coercive force not greater than 
about 3.5 Oe (279 A/m), or optimally, less than about 
3.0 Oe (239 A/m) in the annealed condition. This 

20 alloy is also capable of providing a saturation 
induction (Beat) in excess of 10 kG (1 T) and the 
preferred compositions provide a saturation induction 
of at least about 14 kG (1.4 T) . Further, the present 
alloy provides an electrical resistivity of at least 

25 about 60 /xQ-cm. The corrosion resistance properties 
of the present alloy are demonstrated by the Examples 
which follow. 

Bxamplee 

Examples 1-3 of the alloy of the present 
30 invention having the weight percent compositions shown 
in Table 1 were prepared to demonstrate the unique 
combination of corrosion resistance properties 
provided by this alloy. Alloys A-G outside the 
claimed range, having the weight percent compositions 
35 also shown in Table 1, were provided as a basis for 
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comparison. Alloy F is representative of AISI Type 

4 3 0FR alloy and Alloy G is representative of a 

ferritic stainless steel alloy sold under the 

designation "SANDVIK 1802", by Sandvik AB of Sweden. 

5 T«bl« 1 





1 


2 


3 




ALLOT m. 
B C 


D 






a 


c 




6.615 " 


6.618 


' 6.515" 


0.018 


0.019 


6.61$ 




6.6i5'" 


6.61& 




0.34 


0.35 


0.34 


0.35 


0.35 


0.35 


0.35 


0.34 


0.44 


0.42 


Si 


0.89 


0.69 


0.87 


0.90 


0.89 


0.68 


0.87 


0.69 


1.21 


0.44 


p 


0.019 


0.019 


0.019 


0.021 


0.022 


0.020 


0.020 


0.019 


0.020 


0.019 


8 


0.29 


0.29 


0.29 


0.31 


0.31 


0.30 


0.29 


0.30 


0.30 


0.27 


Cr 


17.60 


17.60 


17.57 


17.57 


17.55 


17.62 


17.65 


17,57 


17.61 


17.38 


Hi 


0.20 


0.20 


0.20 


0.21 


0.21 


0.20 


0.21 


Q.20 


0.20 


0.20 


Mo 


0. 94 


1.49 


2.09 


0.31 


1.00 


1.49 


2.09 


0.31 


0.33 


2.07 


Tl 


NA 


<0.01 


<0.01 


KA 


NA 


NA 


NA 


NA 


0.01 


0.51 


Kb 


0.34 


0.34 


0.34 


<0.01 


<0.01 


<0.01 


<0.01 


0.34 


<0.01 


NA 


M 


0.030 


0.029 


0.029 


0.026 


0.028 


0.030 


0.030 


0.029 


0.040 


0.0088 


F« 


Bal. 


Bal. 


Bal. 


Bal. 


Bal. 


Bal. 


Bal. 


Bal . 


Bal. 


Bal. 



NA-Not analyzed. Mo intentional addition. 



Examples 1-3 and A-G were induction melted under 
argon gas as five (5) 301b (13.6kg) heats and split 
cast into ten (10) 2.75in (6.99cm) square ingots. 

25 After solidification, the ingots were forged from a 
temperature of 2000F (10930^ into (a) lin (2.54cm) 
square bars and (b) 2,50in x 0.875in (6.35cm x 2.22cm) 
slabs. The latter were hot rolled from 2000F (1093C) 
to 0.125in (3.175mm) thick strips. The bars and 

30 strips were annealed at 1508F {820C) for 2h, furnace 

cooled at about 44 F'/h (24.4CVh) to 1112F (600C) , and 
then cooled in air. 

Duplicate test samples measuring lin x 2in x 
0.125in (2.54cm x 5.08cm x 0.32cm), for critical 

35 crevice temperature (CCT) testing were machined from 
each of the annealed strips and ground by hand to a 
12 0 grit finish. Standard CCT test assemblies were 
prepared as described in ASTM standard test procedure 
G48. The test assemblies were exposed to a solution 

40 of 5% FeCla + 1% NaNOa for 24h intervals at 



^ This forging temperature is slightly higher than the 
preferred hot -working temperature range for the alloy because 
of the higher than normal heat loss experienced by a small 
laboratory- sized ingot during forging. 
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progressively higher temperatures. The starting 
temperature was 32F (OC) and the temperature increment 
between test intervals was 9F' (5C*) . The results of 
the CCT testing of Alloys 1-3 and A-G are shovm in 
5 Table 2 together with the %Mo and %Nb for each alloy 
for ease of comparison. 

Table 2 



Critical Crevice Temp, 



AllOY 


^ MP 




'C 




1 


0.94 


0.34 


20/20 


68/68 


2 


1.49 


0.34 


35/30 


95/86 


3 


2.09 


0.34 


30/30" 


86/86" 


A 


0.31 


<0.01 


10/15 


50/59 


B 


1.00 


<0.01 


15/15 


59/59 


C 


1.49 


<0.01 


15/20* 


59/68» 


D 


2.09 


<0.01 


15V15" 




E 


0.31 


0.34 


5/15' 


41/59' 


F 


0.33 


<0.01 


5/5 


41/41 


G 


2.07 


NA 


30/30 


86/86 



•Possible attack or etch in crevice 5C (9F) below 



indicated critical crevice temperature. 
^'Possible pits in crevice at 20C {68F) . 
NA=Not analyzed. No intentional addition. 



25 The data in Table 2 show that Alloys 1-3 have 

CCT's that are significantly higher than Alloys A-F, 
and similar to Alloy G. 

Lengths of the annealed 0.125in (0.32cm) strips 
were shot -blasted and then pickled in a HNO3-HF 

30 solution. The strips were cold rolled to 0.075in 

(1.905mm) thick, .stress relieved by heating at 1346F 
(730C) for 4h, cooled in air, and then cold rolled to 
0.04 0in (1.016mm) thick. The strips were then 
annealed at 1508F (820C) for 2h, furnace cooled at a 

35 rate of about 44FVh (24.4CVh), air cooled, then shot 
blasted and pickled again. Duplicate segments of each 
strip were autogenously welded together, edge-to-edge. 
Additional duplicate segments of each strip were butt- 
welded to strip segments of AISI Type 304 stainless 



X)CID:<WO 96114a3A1 I > 



- 12 - 



Steel alloy without using filler metal. All of the 
weldments were examined visually at a magnification of 
20x and no cracks were observed in any of the 
weldments. The weldments were then tested for 
5 ductility using the Erichsen Cup Test. The results of 
the Erichsen cup testing are shown in Table 3 
including the cup height in mm at the face and root of 
each weld, and an indication of any cracking of each 
f erritic/f erritic weldment (Ferritic Only) and each 
10 ferritic/Type 304 weldment (Ferritic/Type 304) 
resulting from the test. 

Tmhlm 3 



Cup Height (mm) 



15 


Allov 




%Nb 




Ferritic 


Onlv 




Ferrltic/TvT>e 304 


Face 


Root 


Face 




Root: 




1 


0. 94 


0 


.34 


5 


.14 


T 


4,37 


T 


8.55 


L 


8.46 L 












5 


.27 


T/C 


4.47 


T 


9.13 


I/L 


9.28 L 




2 


1.49 


0 


.34 


4 


.47 


T 


5.28 


T 


7.89 


I 


7.93 I/L 












4 


.66 


T 


5.34 


T 


8.63 


L 


8.52 T/L 


20 


3 


2.09 


0 


.34 


3 


.97 


T 


4.97 


T 


8.60 


L 


7.84 I 












5 


.59 


T 


5.29 


T 


9.38 


I/L 


8.58 L 




A 


0.31 


<0 


.01 


2 


.41 


C/T 


3.08 


T 


2.66 


T 


5.56 D/L 












3 


.56 


T 


4.00 


T 


5.72 


L 


5.82 L 




B 


1.00 


<0 


.01 


2 


.47 


C/T 


3.73 


T 


4.72 


T 


6.52 T 


25 










4 


.21 


T 


4.07 


T 


7.06 


T 


7.34 T 




C 


1.49 


<0 


.01 


3 


.45 


T 


2.17 


T 


8.71 


I 


8.49 L 












3 


.84 


T 


3.43 


T 


8.76 


I 


8.53 L 




D 


2.09 


<0 


.01 


2 


.21 


C 


3.45 


T 


7.82 


T 


7.87 L 












2 


.66 


C/T 


3.49 


T 


8.60 


L 


8.66 L 


30 


E 


0.31 


0, 


.34 


2 


.17 


C/T 


5.66 


T 


7.61 


T 


8.49 L 












4 


.36 


T 


5.64 


T 


8.57 


T 


8.51 L 




F 


0.33 


<0 


.01 


2 


.14 


T/C/D 


5.32 


T/D/I 


8.31 


L 


7.54 L 












2 


.32 


T/C/D 


4 . 01 


T 






7.89 L 




G 


2.07 


NA 


6 


.17 


T 


6.46 


T 


5.33 


C/T 


6.47 T 


35 










2 


.32 


T/C/D 


4.01 


T 


8.36 


T 


10.02 Tp 



T«Transverse crack in weld, 
D«:Diagonal crack in weld. 
C=Centerline crack in weld. 
40 I=Crack at weld-parent interface. 

Tp«Transverse crack in ferritic parent metal. 

LsLongitudinal crack in parent or heat affected zone of ferritic 

stainless steel. 
NA«Not analyzed. No intentional addition. 



45 The data of Table 3 show that the weldments of 

Alloys 1-3 have surprisingly good ductility which is 
generally better than that of the weldments of Alloys 
A-G. It is noted that the weldments of Alloy G 
provided very inconsistent results. 
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Duplicate corrosion testing coupons measuring 
2. Sin X 1.75in x 0.040in (6.35cm x 4.45cm x 1.02mm) 
were cut from the ferritic alloy/Type 304 stainless 
steel weldments for salt spray testing. The duplicate 
coupons of each alloy were tested in a salt spray of 
5% NaCl at 95F {35C) in accordance with ASTM standard 
test procedure B117 for Bh. The results of the salt 
spray test are shown in Table 4 as indications of the 
existence and location of any rust observed on the 
respective coupons (Rusting) . 

Table 4 



Rusting 



Alloy 
1 




%Nb 


„faca ^IJf 


Root Side 


0.94 


0.34 


None 


None 


2 


1.49 


0.34 


None 


None 


3 


2.09 


0.34 


None 


None 


A 


0.31 


<0.01 


Weld/Alloy A intf 


Weld/Alloy A intf.* 


B 


1.00 


<0.01 


Weld/Alloy B intf.* 


Weld/Alloy B intf.* 


c 


1.49 


<0.01 


Weld/Alloy C intf.' 


Weld/Alloy C intf.* 


D 


2.09 


<0.01 


Weld and Weld/Alloy 


Weld and weld/Alloy 








D intf.' 


D intf.* 


E 


0.31 


0.34 


Weld 


None 


F 


0.33 


<0.01 


Weld/Alloy F intf.* 


Weld/Alloy P intf.' 


G 


2.07 


NA 


None 


None 



intf . «interf ace 
NAsNot analyzed. No. intentional addition. 



The data of Table 4 shows that only Alloys 1-3 
and Alloy G did not irust in the salt spray test . 

Eight (8) test cones (0.75in (1.91cm} base 
diameter, 60* apex angle) were machined from the 
annealed lin (2,54cm) square bars of each alloy for 
salt spray testing. The test cones were 
ultrasonically cleaned and four (4) of the cones of 
each alloy were passivated as follows to remove any 
free iron particles present on the cone surfaces: (a) 
immersed in a solution of 5% NaOH at 160-18oiF (71.1- 
82. 2C) for 30min, (b) rinsed in water, (c) immersed in 
a solution of 20 vol. % nitric acid and 22 g/1 sodium 
dichromate at 120-140F (48.9-60C) for 30min, (d) 
rinsed in water, (e) immersed in a solution of 5% NaOH 



• 
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at 160-180F (71. 1-82. 2C) for SOmin, and then (f) 
rinsed in water. 

The passivated and unpassivated test cones of 
each alloy were exposed to a salt spray of 5% NaCl at 
5 95F (53C) in accordance with ASTM standard test 

procedure B117 for 200h. After salt spray exposure, 
each cone was visually examined at a magnification of 
lOx. The results of the salt spray testing are shown 
in Table 5 as the number of cones of each alloy with 
10 any observed indication of surface penetration by 
pitting (No. of Specimens Pitted) . 



No> of Speclmeng Pitted 



25 



AllOV 


%Mo 






Pa^^iiv^ted 


1 


0.94 


0.34 


3 


2 


2 


1.49 


0.34 


1 


1 


3 


2.09 


0.34 


2 


0 


A 


0.31 


<0.01 


4 


3 


B 


1.00 


<0.01 


4 


3 


C 


1.49 


<0.01 


4 


3 


D 


2 .09 


<0.01 


3 


3 


E 


0.31 


0.34 


3 


1 


F 


0.33 


<0.01 


4* 


4' 


G 


2.07 


NA 


4" 


1= 



®Four with large pits. 
^'One with large pits. 
^Large pits. 

NA=Not analyzed. No intentional addition. 



30 The data of Table 5 shows that Alloys 2 and 3 

provided superior resistance to pitting in the salt 
spray test compared to the other alloys. Although 
only one of the passivated specimens of Alloy G had 
any observed pitting, the pits were large, indicating 

35 a relatively more severe attack. 

Eight (8) cylindrical test specimens 0.4in 
(1.02cm) diameter x 0.75in (1.91cm) long were cut from 
the remainder of the annealed lin (2.54cm) square bars 
of each heat for simulated service testing. The test 
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cylinders were ultrasonically cleaned and four (4) of 
the cylinders of each alloy were passivated as 
described above. Duplicate passivated and 
unpassivated specimens were subjected to crevice 
5 corrosion testing in (a) tap water at 160F (71. IC) and 
(b) a 95% -relative humidity atmosphere at 95F (35C) . 
In both cases the exposure was carried out for 28 
days. The crevice was formed by a No. 110 0-ring 
around the middle of each specimen. At the end of the 

10 exposures, the 6- rings were removed and each cylinder 
was visually examined at a magnification of 20x for 
indications of corrosion in the crevice area. The 
results of the crevice corrosion testing in the tap 
water are shown in Table 6A and the results of the 

15 crevice corrosion testing in the 95% relative humidity - 
atmosphere are shown in Table 6B. In both tables the 
results are presented as a qualitative evaluation of 
any observed indications of corrosion (Crevice 
Corrosion Observed) • 

20 T¥^i^ 

Spocim«n Cr«vlce Corrosion Obgarved 

Alloy %Mo %lib ID Unoaaflivated Paaalvated 

1 0.94 0.34 a Stain; It. etch Stain, It. etch 

b Stain Crevice OK 

25 2 1.49 0.34 a Lt. stain Lt. Stain; It. etch 

b Stain; It. etch Stain; It. etch 

3 2.09 0.34 a Crevice OK Crevice OK 

b Crevice OK Stain; It. etch 

A 0.31 <0. 01 a Stain; It. etch Lt. stain; It. etch 

30 b Stain; It. etch Stain; It. etch 

B 1.00 <0. 01 a Stain; It. etch Stain 

b Stain; It. etch Stain; It. etch 

C 1.49 <0.01 a Stain; It. etch Stain,- It. etch 

b Lt . stain Lt . stain; It. etch 

35 D 2.09 <0. 01 a Lt. stain Lt. stain; It. etch 

b Lt. stain Lt . stain 

E 0.31 0.34 a Lt. stain Stain; It. etch 

b Lt. stain Lt . stain 

F 0.33 <0. 01 a Crevice OK Stain; It. etch 

40 b Lt. stain Stain; It. etch 

G 2.07 a Lt. stain; It. etch Stain; It. etch 

b Stain; It. etch " Stain; It. etch 
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Spaeiaan Craviea Ccrroalen Obaarvad 



Allov 


%Mo 


%Mb 


ID 






1 


0 . 94 


0 . 34 






jrOBSxDxy BmSi±x pit 








b 


Crevie© OK 




2 


1 .49 


0 . 34 


3 


C re vice OK 










b 


Crevice OK 


Crevice OK 


3 


2.09 


0.34 


a 


Possibly It. etch 


Crevice OK 








b 


Crevice OK 


Crevice OK 


A 


0.31 


<0.01 


a 


Crevice OK 


Crevice OK 








b 


Crevice OK 


Etch; pits 


B 


1.00 


<0.01 


a 


Crevice OK 


Crevice OK 








b 


Possibly 1 pit 


Possibly It. attack 


C 


1.49 


<0.01 


a 


Crevice OK 


Crevice OK 








b 


Crevice OK 


Crevice OK 


D 


2 .09 


<0. 01 


a 


Crevice OK 


Crevice OK 








b 


Crevice OK 


Crevice OK 


E 


0.31 


0.34 


a 


Crevice OK 


Lt. stain 








b 


Possibly It. etch 


Possibly It . etch 


F 


0.33 


<0.01 


a 


Lt. etch;bottom att^ 


Crevice OK 








b 


Etch; It. attack 


Crevice OK 


G 


2.07 




a 


Possibly rust spot 


Crevice OK 








b 


Crevice OX 


Crevice OK 



25 ^Attack on bottom at crevice where specimen rested on support. 

The data in Table 6A shows that Alloy 3 provided 
the best overall corrosion resistance in the tap water 
test. However, the data in Table 6B suggests that the 
95% relative humidity test does not provide an 

30 adequate basis for distinguishing between the various 
materials tested. 

The terms and expressions which have been 
employed are used as terms of description and not of 
limitation. There is no intention in the use of such 

35 terms and expressions of excluding any equivalents of 
the features shown and described or portions thereof. 
It is recognized, however, that various modifications 
are possible within the scope of. the invention as 
claimed. 
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What is claimed is : 

1. A free -machining, corrosion resistant, ferritic 
steel alloy consisting essentially of, in weight 
percent , about : 



and the balance is essentially iron, wherein the 
elements C, N, and Nb are balanced within their 
respective weight percent ranges such that the ratio, 
Nb/{C+N) is about 7-12. 

2. An alloy as recited in Claim 1 containing not more 
than about 2.50% molybdenum. 

3. An alloy as recited in Claim 1 containing not more 
than about 2.00% molybdenum. 

4 . An alloy as recited in Claim 1 containing at least 
about 0.90% silicon. 

5. An alloy as recited in Claim 1 containing at least 
about 1.00% silicon. 



C 

Mn 
Si 
P 
S 

Cr 
Mo 
Ti 
Al 
Nb 
Ni 
Cu 
N 



0.80-3.00 
0 . 02 max . 
0.05 max. 
0.10-1.0 
0.60 max. 
0.25 max. 
0.06 max. 



15-20 



0.05 max. 
2 . 0 max . 
0,70-1.5 
0.035 max. 
0.1-0.5 
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6. A free -machining, corrosion resistant, ferritic 
alloy consisting essentially of, in weight percent, 
about : 





C 


0.03 max. 


5 


Mn 


1.0 max. 




Si 


0.90-1.4 




P 


0.025 max 




S 


0.2-0.4 




Cr 


16-19 


10 


Mo 


0.80-2.50 




Ti 


0.02 max. 




Al 


0.05 max. 




Nb 


0. 20-0.60 




Ni 


0.60 max. 


15 


Cu 


0.25 max. 




N 


0.05 max. 



and the balance is essentially iron, wherein the 
elements C, N, and Nb are balanced within their 
respective weight percent ranges such that the ratio, 
20 Nb/(C+N) is about 7-12. 

7. An alloy as recited in Claim 6 containing at least 
about 1.00% molybdenum. 

8. An alloy as recited in Claim 7 containing not more 
. than about 2.00% molybdenum. 

25 9. An alloy as recited in Claim 6 containing at least 
about 1.00% silicon. 

10. An alloy as recited in Claim 9 containing not more 
than about 18% chromium. 

11. An alloy as recited in Claim 10 containing at 
30 least about 0.1% manganese. 
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12. A free-machining, corrosion resistant, ferritic 
alloy consisting essentially of, in weight percent, 
about : 



c 


0.020 max. 


Mn 


0.2-0.6 


Si 


1.00-1.2 


P 


0.020 max. 


S 


0.25-0.35 


Cr 


17-18 


Mo 


1.50-2.00 


Ti 


0.01 max. 


Al 


0.005 max. 


Nb 


0.30-0.40 


Ni 


0.40 max. 


Cu 


0.15 max. 


N 


0.030 max. 



and the balance is essentially iron, wherein the 
elements C, N, and Nb are balanced within their 
respective Weight percent ranges such that the ratio, 
20 Nb/(C+N) is about 7-12. 
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